A multi-scale assessment framework for assessing and comparing the water resource sustainability based on the ecological footprint (EF) is introduced. The study aims to manage the water resource from different views in Heilongjiang Province. First of all, from the scale of each city, the water ecological carrying capacity (ECC) was calculated from 2000 to 2011, and map the spatial distribution of the recent 3 years which show that, the water ecological carrying capacity (ECC) is uneven and has a downward trend year by year. Then, from the perspective of the five secondary partition basins in Heilongjiang Province, the paper calculated the ecological carrying capacity (ECC), the ecological footprint (EF) and ecological surplus and deficit (S&D) situation of water resources from 2000 to 2011, which show that the ecological deficit situation is more prominent in Nenjiang and Suifenhe basins which are in an unsustainable development state. Finally, from the perspective of the province, the paper calculated the ecological carrying capacity (ECC), the ecological footprint (EF) and ecological S&D of water resources from 2000 to 2011 in Heilongjiang Province, which show that the ecological footprint (EF) is in the rising trend, and the correlation coefficient between the ecological carrying capacity (ECC) and the precipitation is 0.8. There are 5 years of unsustainable development state in Heilongjiang. The proposed multi-scale assessment of WEF aims to evaluate the complex relationship between water resource supply and consumption in different spatial scales and time series. It also provides more reasonable assessment result which can be used by managers and regulators.
Introduction
The concept and calculation method of EF was put forward by Canadian ecological economist William E. Rees (1992) . The further development and improvement about calculation principles and methods are given by his student Wackernagel. The theory is used for estimating the need of ecological productive space area sizes which sustain human natural resource consumption and assimilate the wastes arising from the human, and comparing with the ECC of a given area, through the ecological surplus and deficit (S&D) to measure the sustainable development. Water resource is the natural resource which has the economic value and social value. It has an irreplaceable position in the process of social production and can maintain the ecological environment (Lu 2010) . However, Wackernagel shrinks the range of water for using in the calculation, ignoring the estimates of the ecological footprint of water resources. The concept of water resources EF (WEF) is produced on the basis of the concept of EF, referring to any known population (a person, a city or a region) which needs the land of water resources for consuming products and services during a certain period of time (Hoekstra et al. 2003) .The WEF is used to describe the ecological environment and social economic function of water, in order to make up for the inadequate description of water 1 3 22 Page 2 of 12 resources function (Ayres R U 2000) . The WEF is different from water footprint which is proposed by A.Y. Hoekstra in 2003. The water footprint is an indicator for measuring using water, which is the amount of water needed for any product or service consumed in any given area (region or population) over a period of time, including direct and indirect water used by consumer or producer. In recent years, the shortage of water resources affected the sustainable development of the world social and economic environment seriously (Aall et al. 2005) . The EF of water resources has become a hot study (Van et al. 2000; Simmons C et al. 2000; Niccolucci V et al. 2012 ). The EF model has the clear conceptual framework, simple operation and facilitate comparison between different regions (Bastianoni, et al. 2012) .The EF method tries to use specific observable indicators to define sustainability, establishing a comprehensive account to compare the human ecological demand and ECC, monitoring the natural resource depletion caused by human needs, and exploring the way of sustainable development (Wackernagel and Galli 2007) . The method has been widely used in many countries and regions . Luck et al. 2001 calculate the EF of food and water in 20 metropolitan area of American according to the city channel model and the EF method of spatial heterogeneity; Jenerette (2006) used the spatial heterogeneity of the EF method to calculate the EF of 33 urban of the United States and China, and analyzed the influencing factors. Fan (2010) analyzed the EF in the north of Shanxi in 2010, and studied the sustainable development situation of the ecological environment; Fangling Sun studied the EF of water resources in Shandong province (Sun. 2011 ). Therefore, this paper argues that EF model of water resources combines the natural attribute, social attribute and spatial properties, which can be defined as the ability of sustainable development, and the largest water supply is available to support the regional resources, environment and social ecological, the production and life at a specific historical stage of development in an area.
The water resources ECC in the international research results is relatively small, mainly around a specific area (Gerbens et al. 2009 ), combined input-output model with the EF model) for study (Hubacek et al. 2009 . In addition, Faxing Du etc. (2009 built the water resources carrying capacity evaluation model based on attribute identification of entropy weight and traditional multi-objective analysis decision technology. This paper proposes the ecological carrying capacity model of water resources (ECC) which is based on the ecological footprint model. Compared with the previous definition of water resources carrying capacity, the ecological footprint method extends the meaning and content of the original definition with natural attributes, social attributes and spatial attributes. It emphasizes that water resource carrying capacity is the supportive capacity of water resources for the sound development of social systems and ecosystems. It not only emphasizes the needs of natural systems, but also focuses on the coordination within the economic system, and emphasizes the impact of time factors on water resources carrying capacity. The water resources carrying capacity is not only determined by the natural system, but also depends on the degree of economic and social development during the evaluation period. The ECC of water resources can be defined as the ability to support the sustainable development of resources, environment and social ecology, production and life in a particular historical stage of development in a particular region.
However, the previous literatures mainly discuss the issue of water resources EF from regional level. There is little in-depth research of the water resource EF in China. Recent studies only focus on the reproduction and consumption according to WEF in different areas and do not consider the different watershed scale. In the traditional EF model, the ECC model is not been included. The paper combines the EF and ECC model together for estimating the sustainability. Thus, the assessment is performed in city scale, basin scale and the whole province. A recent study on WEF presented the statistics of the sustainability of water resources on the basis of past and current water consumption. However, WEF is closely related to ECC. The ECC affects the water resource consumption particularly when consumption is regarded as constant. Therefore, most recent related studies maybe arbitrary for the sustainable assessment result based on WEF statistics. In our study, ECC is also considered in different scale for sustainable assessment to ensure that the WEF result of the water resource management and plan is available and reliable. The multi-scale dynamic analysis is introduced into the EF model which can calculate and analyze the EF and ECC from the city to secondary area basin and the provincial water resources.
Heilongjiang Province is a big province of grain, where the water resource is very important. Along with the rapid development of social economy, increasing population and accelerated urbanization process, water consumption of Heilongjiang continues to grow, and emissions of waste water are also increasing. The pressure of water resources and water environment are hard. The new method provides a basis for evaluation of sustainable development, realizing the sustainable utilization and management of water resources, which has a certain practical significance in Heilongjiang Province.
Study site and methodology

Study site
Heilongjiang Province is 473000 km 2 , which contains Harbin, Qiqihar, Jixi, Hegang, Shuang yashan, Daqing, Yichun, Jiamusi, Qitaihe, Mudanjiang, Heihe, Suihua and Daxing'anling, a total of 13 cities. There are Heilongjiang, Songhua river, Nenjiang river, Wusuli river and Suifenhe river five water system, as shown in Fig. 1 . The average surface water resource of the whole province is 68.608 billion m 3 , and the average groundwater resource is 28.687 billion m 3 . Deducting the repeated computation of 16.262 billion m 3 , the average total water resources of the whole province is 81.033 billion m 3 , which are below the national average. Due to the influence of the geographical position and the development level of regional economy, the development and utilization level of water resources of Heilongjiang Province is uneven in 13 cities (area).
Based on the multi-scale evaluation method framework of water resources in Heilongjiang Province, the paper has built an in-depth comprehensive study, in order to apply the method of EF of water resources at multi-angle, all-round, dynamically. The specific technical route is shown in Fig. 2 .
There are three scales for evaluating the water resources. The ecological footprint and ecological carrying capacity of Heilongjiang Province can be analyzed from three scales, but the difference is that the scope of the analysis is not the same.
From the local to the whole province, the water resources situation in Heilongjiang Province can be dynamically and comprehensively understood. The basic assessment is the city scale. The paper calculated the ECC of surfer water, groundwater and total water in every city of Heilongjiang Province, and then analyzed the spatial distribution difference of the ECC among the surface water, groundwater, and the overall. The water resource in these cities is relatively fixed, but the water resource is not static in the river system. Through the second scale, namely, the watershed scale, the paper analyzed the ecological S&D, understanding the sustainable development situation of each basin. The third scale is the Heilongjiang Province; the paper calculated the ECC of the province and the correlation coefficient between ECC and the rainfall. Then the paper analyzed the trend of sustainable development through ecological S&D, and different account percentage of EF, understanding the specific usage of water resources.
Water resource EF
The water EF is the consumption of water resources which can be converted to the corresponding water area, and also can be converted into different accounts of water resources consumption in the region, using the water area for equalization, and comparing the equilibrium values in different regions worldwide. According to the characteristics and connotation of EF of water resources, connecting with the actual situation of the Heilongjiang Province, the water accounts can be divided into six categories-farmland irrigation, forestry fishing livestock, industrial, urban public, domestic and ecological water. The calculation model of water EF and the sub-accounts are calculated as follows (Huang 2008): where EF (hm 2 ) is the water EF, N (capita) is the total population, ef (hm 2 /capita) is the water EF per capita, w is the equivalence factor of the water resource, W (m 3 )is the quantity of the water resource consumed by per capita, P (m 3 /hm 2 ) is the average yield for the water resource. The water EF is the sum of ecological production area of water consumption.
( 
Water resource ECC
The carrying capacity has the advantages of quantization and widely applied to the resources, environment and population research (Yue et al. 2006) . The calculation of carrying capacity of water resources should consider the ecological environment and social production synthetically, due to the different land productivity of the similar biology between different regions, and each kind of biological productive land area cannot be directly compared. The yield factor is a parameter which can make the biological productive land
area comparable. After determining the yield factors which are calculated based on the global ecological productive average, the national or regional water resources ECC can be calculated. At the same time, on the advice of the world commission on environment and development, ECC should be deducting 12% of the area as the ecological compensation for biodiversity conservation. Within the framework of the EF theory, the model of ECC of water is shown in formula (Wang et al. 2013): where EC (hm 2 ) is the total water resource ECC, ec (hm 2 / capita) is the water resources carrying capacity per capita, is the yield factor, Q (m 3 ) is the total water resource quantity, and (1-12%) is the compensatory coefficient of biodiversity according to the WCED.
The can be calculated as follows:
where p i is the regional average runoff module.
Water resource ecological S&D
Ecological S&D are the difference between the ECC and EF. The EF of water resources measures the sustainable development of ecologic mainly through the ecological deficit and ecological surplus of water resources. It can be used to comprehensive judge whether the production and consumption activities of a country or a region can be within the range of load in the local ecosystem, in other words, whether the development state is sustainable.
When the ecological capacity is less than the EF of water resources in a region, the Budget < 0, stands for "ecological deficit of water resources", suggesting that the water supply cannot meet the demand of the development of the ecological environment; when the ecological capacity is greater than the EF of water resources in a region, the Budget > 0, stands for "ecological surplus of water resources", suggesting that the water resources can not only guarantee the ecological environment be good, but also there is allowance which can satisfy the demand of water resource in the further. Budget = 0 stands for the water resources are in the ecological balance.
The coefficient of correlation between the rainfall and the ECC of water
The correlation coefficient is the statistical analysis index of the related degree between variable indexes; the calculation formula is as follows:
where r ER , EC , EC W , RF , RF , respectively, stand for the correlation coefficient of the ECC of water resources and the rainfall, ECC of water resources (hm 2 ), the average ECC of water resources (hm 2 ), the rainfall of each year (mm), the average rainfall of each year (mm).
Results and analysis
Multi-scale WEF
After constructing the WEF multi-scale framework and employing the hydrological and population data, we were able to quantify the WEF for each sector in city scale and assess the WEF in multi-scale. The volume of the water resource required to satisfy the need and the sustainability level of the water resource were also identified in the region. In the research, the calculation parameters mainly refer to Linnan Huang (Huang et al. 2008) , etc.: the average water ; the water equilibrium factor of the global is 5. 19.
City scale
The Heilongjiang Province has 13 cities (region).The distribution of the water resources is uneven in each region. According to the water production modules of cities in Heilongjiang Province from 2000 to 2011, the paper calculated the average water production module, and then calculate the water yield factors of each city (area) ( Table 1) . At last the paper calculated the ECC of surface water, groundwater and the overall water resources based on EF calculation formula for each city (area) ( Table 2) , then mapped the space difference diagram of the ECC of water resources of cities (area) in Heilongjiang Province from 2009 to 2011 using ArcGIS, as shown in Fig. 3 . Figure 3 shows the space distribution of the water resources' carrying capacity is uneven in Heilongjiang Province. The northwest cities have abundant water resources where in the hill terrain, but because of sparsely populated, the water resources development level is not high, and the carrying capacity is strong. The water exploitation quantity of the cities increased in southeastern, and most cities are in the plain, where the food crop demand more water, and the carrying capacity is in the medium level; Daqing and Qitaihe belong to the heavy industry cities in Heilongjiang Province, with the increase of industrial wastewater emissions, which the carrying capacity of water resources value is low, and the carrying capacity is weak. Between 2009 and 2011, Qiqihar and Daqing's carrying capacity of groundwater resources are bigger than the surface water resources; Suihua's carrying capacity of groundwater resources is greater than surface water resources. In other cities, the carrying capacity of surface water resources is greater than the groundwater resources. The carrying capacity of surface water and groundwater resources are declining in each city, leading the reduction of the overall carrying capacity of water resources.
Basin scale
The water resources can be evaluated from the basin of secondary areas, which are the main entry and exit channel of water resources in Heilongjiang Province. The basins flow through different cities, so that we can analyze EF, ecological capacity and ecological "S&D" of Heilongjiang Province from dynamic and a wide range of condition. According to the statistical data of water resources in Heilongjiang Province, the province mainly has five basins of secondary partition: Nenjiang, Heilongjiang, Songhuajiang, Wusulijiang and Suifenhe. First of all, according to the average runoff modulus of secondary partitions in 2000 ~ 2011, the water yield factor of each basin can be calculated, (Table 3) , then 2000, 2001, 2007, 2001, 2011 , and the general trend was the same as the ECC.
The ECC of main stream of Heilongjiang basin reached the highest value of 20.6007 million hm 2 at 2009, due to the Heilongjiang basin flows through many cities, whose carrying capacity changed volatile. The EF was between 2.6743 and 4.9536 million hm 2 , and declined from 2000 to 2003, rising from 2003 to 2011, which the overall volatility is flat. Because the ECC was greater than the EF, the Heilongjiang basin was in the ecological surplus state, and the overall trend was like the ECC.
The ECC of Wusuli basin changed little, which was about 5 million hm 2 from 2000 to 2011; the EF is greater than the ECC, which was gradually rising after 2003, and reached the peak of 14.9419 million hm 2 at 2010. Wusulijiang basin was in a state of ecological deficit and changed gradually serious, and the ecological deficit was − 11.11 million hm 2 in 2011. The ecologic carrying capacity of Suifenhe basin reached the lowest at 2003, which was 447,000 hm 2 , then increased; it changed little from 2004 to 2009, and reached at 1.3092 million hm 2 at 2010, then fell to about 833,500 hm 2 . The EF f luctuated at 276,000 hm 2 ~ 499,200 hm 2 slightly during 2000-2010, which was the lowest of 130,600 hm 2 at 2011; the Suifenhe basin was in the ecological surplus state, due to the ECC was low in 2003, and the ecological surplus value was low of 63500 hm 2 . The overall trend was like the ECC. For transverse comparison the EF, ECC and ecological S&D of each basin, Fig. 4 shows the EF value of trunk stream of Songhua basin is the biggest; the Suifenhe basin is the minimum; the second is the Heilongjiang basin; the EF of Nenjiang and Wusulijiang basin is similar; the ECC of trunk stream of Songhuajiang and Heilongjiang are larger, and the change is volatile; the remaining three basins are small, and the change floating is small, which was below 10 million hm 2 . The differences of the ecological S&D of each basin are bigger; the ecological surplus of Heilongjiang basin is good; the trunk stream of Songhua basin is in the ecological deficit during part of the years; Suifenhe was in the ecological surplus all for the years, which was in the medium level; the ecological slurps and deficit situation of Nenjiang and Wusulijiang basin was bad, which were all in the ecological deficit, and it was visible that the trunk of Suifenhe, Heilongjiang basin and the Songhuajiang basin were in the sustainable 
Province scale
On the basis of analysis of each city and basin of secondary partition, the paper analyzed the water resources of whole province of Heilongjiang. According to the index data of the water resources in Heilongjiang Province from 2000 to 2011, the water yield factor of Heilongjiang through many years was calculated, which is 0.48; then according to the calculation model of this paper, the EF and ECC of the water resources of Heilongjiang Province are calculated, drawing in Fig. 5 . We can see that the EF of the water resources in Heilongjiang Province was gradually reducing during Fig. 6 . The correlation coefficient is 0.89. The relationship between EF and ECC of water resources can be shown by the ecological surplus (deficit) which can be seen from Fig. 7 . The Heilongjiang Province was in a state of ecological deficit in 2000, 2001, 2007, 2008 and 2011 , and the ecological surplus situation was , and others were between 0 ~ 10 million hm 2 during the years. The EF account of water resources in Heilongjiang Province consists of farmland irrigation, forestry fishing livestock, industrial water, urban public, domestic water and ecological water six parts. The paper calculated the EF of each part by EF model, and mapped the proportion of each account in all the accounts. As shown in Fig. 8 , the figure presents the irrigation account is the main part, and the percentage is an upward trend which was more than 70% in 2011. The account of forestry fishing livestock has a little proportions, which is all below 7%; the percentage of the industrial water account is gradually declining from 2000 to 2011, which fell from 32 to 12%. The proportions of urban public and ecological water accounts are less, which are around 1%; the proportions of domestic water account are uniform in each year, which are around 5%.
Discussion
The space difference of the ECC of water resources in Heilongjiang Province
The spatial differences of ECC of water resources are big in Heilongjiang Province. The ECC is largest in Daxing'anling, because the water resource is abundant and the precipitation is more, but the population is small. The utilization of water resources is low, but the water ECC is bigger. The water ECC decreased significantly in western and eastern, and the water resources are relatively small in the regions where the consumption of water is mainly used on agricultural production. Daqing is an industry city where the development and utilization of water resources are higher, so the ECC level is lower. ; the Nenjiang basin is around 10 million hm 2 ; the Heilongjiang basin is under 5 million hm 2 , while the Suifenhe basin is under 500,000 hm 2 , which was related with the location of each river basin. The Songhuajiang flows through the main industrial city of Harbin, Jiamusi where the demand of water is bigger, so the value of EF is higher. Suifenhe is mainly in Mudanjiang where the demand of water is relative less, so the EF value is lower.
The relation between the ECC of water resources and the precipitation in Heilongjiang Province
The water resources mainly come from the precipitation in Heilongjiang Province. The ECC of water resources and the historical precipitation have the positive relationship which the ECC of water resources is decreased obviously during the low precipitation years. In this study, 
The relation between the EF of water and the economic development of social in Heilongjiang Province
The carrying capacity of water resources is an important index of water resources security, whose size is one of the conditions of social and economic development (Duro 2013) . According to the connotation of water resources' EF, the greater demand of water resources for social development, the per capita EF of water resources is higher (Ferng 2014) . As a big agricultural province, the Heilongjiang Province is given priority to agricultural production, and the economic development is relatively backward, leading to the demand for water resources being less than the economically developed areas. But with the development of economy, the increasing demand for water resources, the EF of water resources showed a rising trend in Heilongjiang Province from 2000 to 2011. The contradiction between economic development of social and water resources will be more and more prominent. Heilongjiang Province is a big agricultural province where the EF of farmland irrigation water is more than 55% of the province's EF, which is related to the improving grain production of Heilongjiang Province in recent years.
Conclusions
In this paper, the multi-scale EF model of water resources evaluation of Heilongjiang Province is presented, respectively, from the surface water, groundwater, overall ECC of each city (area) to the EF, ECC and ecological S&D of each basin, and the ECC, EF, and ecological S&D of entire province. The paper calculated the ECC, the EF and ecological S&D of water resources of Heilongjiang Province from 2000 to 2011, drawing the corresponding conclusions.
(1) From the overall, the water resource is rich in Heilongjiang Province, but the EF of water is increasing. The year of low ECC of water resources has emerged ecological deficit, just like 2000, 2001, 2007, 2008 and 2011 , when the utilization of water resource was in an unsustainable development state in Heilongjiang Province. (2) The water space of the development and utilization are large in Heilongjiang Province, but the space distribution of water resources is extremely uneven. The ECC of water in hill areas of northern is strong. In the southwest, the economy is more developed, and the carrying capacity is low, especially in Qiqihaer, Suihua, and Daqing. They should adjust the structure of industry, controlling the water consumption and serious polluting enterprises. The southeast regions belong to the plain region should adjust the planting structure of grain, reducing the planting scale of crops which use more water but the quality is low. From the distribution of EF account of water resources in Heilongjiang Province, it presents that the structure of industry should be adapted to the ECC of each city in Heilongjiang Province. (3) The water resources mainly come from the precipitation in Heilongjiang Province, and it is associated with the carrying capacity. In dry years, the carrying capacity of water resources is reduced, leading to the ecological surplus decrease and affecting the sustainable utilization of water resources.
